A review of our latest developments in the synthesis of sesquiterpenolides isolated from plants of the Umbelliferae family is presented.
These metabolites are classified into different classes, according to their carbocyclic frameworks. Germacranolides (considered as their biogenetic precursors), eudesmanolides, guaianolides, pseudoguaianolides, elemanolides, eremophilanolides, and xanthanolides are among the most abundant types of sesquiterpenolides (Scheme 1).
Scheme 1: Main types of sesquiterpene lactones.
In general, this kind of compounds showcases well-defined stereochemical patterns. That is, the stereochemistry at key atoms (at ring fusions, oxygenated carbons, etc.) is usually repeated along a series of sibling compounds. The discovery of new members that do not follow those trends usually marks the species out as an anomaly from the taxonomic point of view, a fact that turns these compounds into taxonomic markers [3] [4] [5] .
Sesquiterpene lactones from umbelliferous plants
The Umbelliferae family of plants is after the Compositae, one of the main sources of sesquiterpenolides. Compounds biosynthesized by this family feature a stereochemical pattern different to that found in most families. This stereochemical particularity was first observed in 1986 by Holub and Budesinsky, who based solely in spectroscopic data published to that date, corrected the structure and stereochemistry of more than ninety sesquiterpenolides produced by umbelliferous plants [6] . Given the technical limitations of the NMR techniques in the mid eighties and the scarcity of NMR data beyond common 1D experiments, this correction constitutes a notable goal.
The Umbelliferae family produces sesquiterpenolides which share three differentiating features: (i) the presence of a hydroxy or acyloxy group located in -position to the lactone carbonyl group, instead of the typical exomethylene group, (ii) a cis-, fusion of the -lactone ring, epimer in C-6 to most natural sesquiterpenolides and, (iii) a A,B-ring fusion different to that commonly found in the majority of sesquiterpenolides. Scheme 2 displays the main differences found between sesquiterpenolides from Compositae and Umbelliferae.
Holub and Budesinsky proposed that these differences could be explained by admitting that the enzymatic pools in both botanical families interact with the trans,transfarnesyl pyrophosphate in different conformations, as depicted in Scheme 3 [6] .
Nevertheless, there are some cases of sesquiterpenolides isolated from both Umbelliferae and Composite families. In addition, certain species such as Melanoselinum decipiens (Thapsia decipiens) produce metabolites with hybrid characteristic between those from both families [7, 8] . These examples suggest that although the proposal by Holub and Budesinsky may be correct in some cases, it would not explain all of them. We have suggested as an alternative explanation that at the stage in which the cyclodecadiene ring is oxidized the stereochemical outcome of this oxidation step dictates the stereochemistry of the resulting structure as "Compositae-type" or "Umbelliferae-type". To prove this hypothesis, we have transformed costunolide (a germacranolide from Compositae) into 6-epi-costunolide, whose cyclization led to germacranolides/guaianolides with stereochemistry typical of Umbelliferae. The arrangement of the -lactone ring in these molecules is responsible for the Umbelliferae stereochemistry (Scheme 4) [9] .
Biological activity of sesquiterpenolides from Umbelliferae
Sesquiterpene lactones display a wide range of biological activities and by no means those isolated from Umbelliferae are an exception. Among them, one can find examples of antitumor activity, histamine liberators, activators of rat peritoneal mast cells, inhibitors of testosterone 5-reductase, and deterrents against storage pests or antiangiogenics [10] [11] [12] [13] [14] . It is noteworthy to mention inside this family the occurrence of a series of guaianolides produced mainly by plants of the Thapsia genus. They are generically named as thapsigargins, after thapsigargin itself, the leading compound. The interest for these metabolites arose after the discovery of thapsigargin to be a potent histamine liberator [15] [16] [17] [18] . Nevertheless, thapsigargin is mainly known by its capacity to inhibit selective and irreversibly the functioning of the enzymes involved in the transport of the cations Ca 2+ from the cell cytosol to the sarco-and endoplasmic reticulum which act as reservoir of these ions. The inhibition of these pumps, named SERCA-ATPases, can lead to cell malfunctioning leading even to apoptosis [19] [20] [21] . This capacity to inhibit the SERCA-ATPase enzymes but not other pumps involved in the calcium transport has made thapsigargin an important tool in the study of the calcium homeostasis [22] [23] [24] [25] .
Recently, Isaacs and Christensen have published the preparation of a thapsigargin-based prodrug which can act on prostate cancer cells. In order to solve the problem of the toxicity of thapsigargin, these authors have linked a peptide chain to thapsigargin. The link is cleaved by the PSA protein which is active in the proximity of the cancer cells but not in the healthy cells, thus delivery thapsigargin exclusively on the tumor cells [26] [27] [28] .
Synthesis of sesquiterpene lactones from Umbelliferae
Despite the high number of articles devoted to the synthesis of sesquiterpene lactones, those aimed at the synthesis of sesquiterpenolides from Umbelliferae are scarce [29] [30] [31] [32] . Their unassuming structures belie their complexity as a target for chemical synthesis. In addition, the unusual stereochemistry displayed by these metabolites makes that the methodology developed for the "common" Synthesis of sesquiterpenolides from Umbelliferae Natural Product Communications Vol. 6 (4) 2011 493 sesquiterpenolides can not be directly applied to their synthesis. Finally, a fraction of these molecules, as in the case of thapsigargin, showcases complex structures, with multiple oxygenated centers in a relatively small backbone. Their syntheses pose a challenge, as usually it involves multiple protection-deprotection sequences in order to avoid undesired reactions of the pendant oxygenated functions.
Given the interesting biological activities displayed by these compounds and the challenge that their rich chemistry poses, our research group has been involved along the last years in the synthesis of sesquiterpenolides produced by the Umbelliferae. The most interesting results are described next.
Synthesis of eudesmanolides. Preliminary studies. Synthesis of 11-angeloyloxy--santonin
As was previously pointed out, Holub and Budesinsky corrected the structures of those sesquiterpenolides from Umbelliferae published up to 1986. These authors proposed that eudesmanolides from Umbelliferae should display structures A (5H,6H,7H,10Me,11Meeudesman-6,12-olide) instead of the then accepted structure B (5H,6H,7H,10Me,11Me-eudesman-6,12-olide) (Figure 1) . In order to verify this assertion, we decided to undertake the synthesis of the previously proposed structure for decipienin A (6), an eudesmanolide isolated from Melanoselinum decipiens (Scheme 5) [33] . The synthesis used -santonin (2), a commercially available eudesmanolide as starting material. The key step of the synthesis was the hydroxylation of carbon C-11.
Direct hydroxylation procedures on -santonin failed, leading to complex reaction mixture. Thus, it was necessary to carry out several transformations on the A ring prior to the hydroxylation step. Hydrogenation of the C-1/C-2 double bond and protection of the carbonyl group at C-3 as the corresponding thioketal produced lactone 3 in good yields. After some experimentation, the oxidation was carried out employing LDA and O 2 , leading to -hydroxylactone 4 in moderate yields. The modifications on the A ring finally led to eudesmanolide 6 which was esterified with angelic acid employing the Yamaguchi procedure. Comparison of the 1 H-NMR data of 6 with those described for authentic decipienin A 1 showed significant differences both in chemical shift and coupling constants of protons H-6 and H-7, thus confirming that Holub and Budesinsky's affirmation should be taken into account. 
Synthesis of (±)-decipienin A
To confirm the correction suggested by Holub and Budesinsky, we decided to tackle the synthesis of decipienin A itself to unequivocally determine its structure. Our synthetic scheme utilizes decalone 7, previously reported by Kametani et al. [34] . The appendage of carbons C-11/C-13 was accomplished by a condensation using LDA and methyl pyruvate, leading 8 as a 1:1 epimeric mixture. The reduction of the carbonyl group at C-6 was rather troublesome. After some experimentation, it was finally carried out by treatment with NaBH 4 and CeCl 3 ·7H 2 O to produce the dihydroxylactone 9. The presence of the cerium chloride was essential in order to get the desired stereochemistry in the reduction process. Further manipulation on the A-ring involved the oxidation of the hydroxyl group at C-1, epoxidation of the C-2/C-3 double bond, and a Wharton rearrangement of the corresponding epoxyketone, leading to the allylic alcohol 10. Introduction of the C-4/C-5 double bond was accomplished through a sequence of oxidation with PCC and further treatment with SeO 2 in refluxing dioxane. Finally, esterification of the hydroxyl group at C-11 was performed again using the Yamaguchi procedure, leading to decipienin A and a small amount of the corresponding tiglate ester 11, produced by isomerization of the angelate moiety (Scheme 6) [35] . By using the same methodology, we succeeded to synthesize eudesmanolide 12 (Figure 2) , a metabolite isolated from M. decipiens which presents a -h ybrid‖ stereochemistry between sesquiterpenolides from Umbelliferae and Compositae [36] . 
Enantioselective synthesis of (+)-decipienin A

Route (a):
Our racemic route to decipienin A prompted us to develop a synthetic path to enantiopure decipienin A. As starting material we decided to employ -cyperone (13), a chiral compound easily affordable from ethylvinylketone and (+)-dihydrocarvone. The synthetic sequence is displayed in Scheme 7 [37] . In this sequence of synthesis, it is worthy to note the simultaneous introduction of a bromine atom at C-2 together with the formation of the cis--lactone ring in one pot, employing phenyltrimethylammonium perbromide (PTMAP), yielding lactone 14. The oxidation of the -position of the carbonyl group was accomplished by the previously described procedure employing a base (KHMDS in this case) and molecular oxygen in the presence of triethyl phosphite.
Route (b):
While developing the previously described route to decipienin A, we drafted some new ideas which resulted in an alternative route to this molecule (Scheme 8) [38] . In this approach, the determining step was the selective oxidation of the primary alcohol present in compound 18 to provide the corresponding hydroxy acid. Nevertheless, most oxidation methods led mainly to the methylketone resulting from the cleavage of the C11/C-12 glycol bond. After considerable experimentation, such oxidation was accomplished employing the system TEMPO/ NaClO/NaClO 2 . This smooth oxidation system led to hydroxylactone 15 in 57% yield which was esterified as previously described. 
Synthesis of thapsigargins
In 1978, Christensen et al. isolated from Thapsia garganica a highly oxygenated guaianolide which was named thapsigargin (19) (Figure 3) [39]. This compound drew attention first as histamine liberator. However, as it has been previously mentioned, its main biological property consists in its capacity to alter the functioning of the SERCA-ATPase pumps, involved in the active transport of the calcium ion from the cell cytosol to the sarco-and endoplasmic reticulum. The inhibition is selective and irreversible and over the years, it has become an important tool in the study of the processes related to calcium signaling. Thapsigargin names a family of guaianolides characterized by presenting a highly oxygenated tricyclic skeleton, bearing seven or eight stereogenic centers and with several of the oxygenated positions esterified with acyl groups. Despite the interest of this family of compounds, only a total synthesis of thapsigargin and three other members of the family have been published by Ley et al. This impressive synthesis is a demonstration of the challenge that the synthesis of these compounds poses, since more than forty reaction steps are needed to complete the target molecule [40] [41] [42] [43] .
Synthesis of sesquiterpenolides from Umbelliferae
Natural Product Communications Vol. 6 (4) 2011 495 Given our experience in the synthesis of eudesmanolides from Umbelliferae and considering the attractiveness of these molecules, we decided to undertake the design of a synthetic route which allowed the production of multigram amounts of thapsigargin analogues. Our idea was to apply some of the already used procedures in the synthesis of decipienin A to the synthesis of thapsigargins, and we decided that a good starting point would be the synthesis of 11-hydroxyguaianolides. The synthesis is displayed in Scheme 9 [44] . The synthesis commenced again with cyperone (13) , which after some manipulation is transformed into eudesmane 22. Three key steps are worthwhile noting: (i) a photochemical rearrangement of eudesmane 22, which involves exclusively the double unsaturated ketone of the A ring, to yield guaiane 23; (ii) the diastereoselective dihydroxylation of the C-6/C-7 double bond of compound 23; and (iii) the regioselective oxidation of tetraol 24 avoiding the fragmentation of the glycol bond, to provide with excellent yield guaianolide 25. This compound possesses the tricyclic framework and five of eight chiral centers of the target molecule. Carbons C-2 and C-8 remains unfunctionalized but the functional groups in the neighbor carbons may be used in their further oxidation. This work shortens significantly the elaboration of highly functionalized guaianolides. Currently new studies are in progress aimed at the transformation of guaianolide 25 into more elaborated members of the family of thapsigargins.
In summary, sesquiterpenolides isolated from plants belonging to the Umbelliferae family constitute a interesting group of substances with a wide range of structures and notable biological properties. They are an excellent vehicle by which to advance new strategies for the synthesis of highly oxygenated terpenes. They also can be considered a field for the design of new pharmacological tools that can help elucidate the functioning of vital cell processes.
